We experimentally investigated proximate factors in uencing the visual detection of ying conspeci cs by male butter ies (Asterocampa leilia) engaged in a sit-and-wait matesearching tactic. Model butter ies were presented to perched males in the eld using an apparatus that permitted us to control the path and speed of a model while varying minimum distance of the model from the male, height of the model above the ground, and model size. The dependent variable in all cases was whether or not the male left his perch and pursued the model. Males responded to normal-size models up to but not beyond distances of 3 m, and, because doubling the model surface area increased the distance at which males responded, we conclude that males do not detect conspeci cs if they are more than 3 m away. At distances of 2 m or less males perched on the ground were more likely to detect conspeci cs than males perched off the ground. This is likely to be due to differences either in the background against which the perched male typically views conspeci cs or how large an angle conspeci cs subtend from a perched male's perspective. These results suggest that thermally-driven changes during the activity period in perch preferences have consequences for success in mate detection that may be evolutionarily signi cant.
Introduction
Many insects use a sit-and-wait tactic to search for mates or prey (Atkins, 1980; Thornhill & Alcock, 1983) . To test ideas about the evolution and adaptive features of the behavior and morphology of animals engaged in this tactic requires information about the structure of the visual system and how it performs in detection tasks in ecologically realistic contexts. While many studies report inferences about visual system performance from information about eye optics and electrophysiolog y (for review, Warrant & McIntyre, 1993; Land, 1997) there are few that ask questions in a eld setting about object detection and the ecological factors that affect it (e.g. Kirschfeld & Wenk, 1976; Vallet & Coles, 1993; Layne et al., 1997; Land, 1999) . Hence, we conducted a eld experiment to evaluate proximate factors that in uence the detection of mates and competitors in a sit-and-wait context.
The animal we studied is a common nymphalid butter y of the Sonoran Desert, the empress leilia (Asterocampa leilia). Males in this species occupy and defend perching sites on or adjacent to the larval foodplant, the desert hackberry (Celtis pallida) (Austin, 1977; Rutowski & Gilchrist, 1988) where they wait for females to appear. When a perched male sees a passing conspeci c he quickly leaves his perch and gives chase. Females are pursued and courted while intruding males are chased from the area. The responsiveness of the males, consistency with which some perching sites are occupied, and the long breeding season of this species (March to October) makes this system ideal for experimentation in the eld.
Our interest in visual system performance in this species stemmed from the observation that during the course of the morning, males change from perching in relatively open areas on the ground to perching an average of 0.87 m off the ground on vegetation facing toward open areas (Rutowski et al., 1991) . This change in perch preference is driven by changes in thermoregulatory needs (Rutowski et al., 1994) and results in changes in the position of the male's visual system relative to the potential ight paths of conspeci cs (Rutowski et al., 1991; Rutowski, 2000) . Moreover these changes in perch preference are accompanied by changes in the preferred body orientation of males. We wished to nd out if these thermally-driven changes in perch choice and body orientation lead to differences in the likelihood that males will detect passing conspeci cs, and so to see if, "thermoregulatory behavior could interfere with responses to mates, prey, conspeci cs, etc." (May, 1985) .
To be clear, a variety of studies have addressed questions about the visual cues used by male butter ies in the recognition of potential mates (for review: Rutowski, 1997 ) but only Tinbergen et al. (1943) examine the issue of mate detection. However, their angling technique was crude and they allowed that when presenting a model to a male, "distance from the model (to the male)... was dif cult to keep constant." They nicely demonstrated that the stimuli eliciting approach from a perched male are very non-speci c, which appears to be true also for A. leilia males as they will take off after not only conspeci cs but also thrown rocks and birds ying overhead. However, Tinbergen et al. were less successful in answering questions about how distance from the male, position of the perched male, and ight path affect the detection of passing conspeci cs, which were important issues in this study. Our approach was to present perched males in the eld with model butter ies that mimicked the movement of living butter ies and to evaluate by experimental manipulation of the model and its path, the effect of ecological variables, especially distance and perch location, on the likelihood that the model would be detected.
Methods

Study site
Studies of male responses to models were done at study sites previously described in Rutowski & Gilchrist (1988) and Rutowski et al. (1996) 
Model presentation apparatus
Models were presented to perched males using an apparatus (Fig. 1) that moved the models on a straight, 8 m long path at a height of 0.85 m above the ground, which is the typical ight height for A. leilia when ying through male perching sites in the eld (Rutowski, 2000) . The apparatus consists of two metal poles positioned 8 m apart, each with a pulley mounted on it (Fig. 1) . A loop of mono lament line (0.65 mm in diameter) is strung between the pulleys, one of which is turned by a small battery-powered motor. The model is suspended about 3 cm below the lower line of the mono lament loop near one of the poles. When power is supplied to the motor, the loop is turned and the model accelerates quickly to full speed within about 30 cm of starting its transit and moves rapidly to the other pole.
In the eld we set up this apparatus near a male occupying a perching site. The path of the model was set so that it was perpendicular to a line between the male and the path's midpoint ( Fig. 1 ). Once the model was presented we recorded the following information: (1) whether the male responded by ying up at and pursuing the model, (2) whether the male was perched on or off the ground, (3) the direction the male faced relative to magnetic north before taking off, (4) the compass bearing of the model path, and (5) the compass bearing and (6) length (minimum distance) of a line from the male to the closest point on the model path.
We monitored the speed of the model during each presentation by timing the transit time of the model between the poles with a stopwatch. We only recorded a male's response if the model was presented at a speed between 4 and 4.5 m/s, the ight speed typical of A. leilia as it passes through areas where males perch (R.L. Rutowski, unpubl. data) .
We used three types of cardboard models. The normal-size model was a piece of gray cardboard (1.25 mm thick) the size and shape of an A. leilia with the wings spread and was used in all presentations unless otherwise indicated. A double-size model was also made from gray cardboard but with twice the surface area of the normal-size model. The third model was the same as the normal-size model but, on the up facing surface of the model, we glued females wings with their dorsal surface visible. On the model's down facing surface we glued another set of female wings with their ventral surface visible. This model was called the normal-color model.
In experimental studies in the eld, it may be dif cult to obtain full independence of the data points and this study was no exception on two counts. First, we were unable to implement a sampling regime that involved presentation of the models to each male at a speci c set of distances (e.g. 1, 2, 3, and 4 m) in a speci c or randomized order. Due to high level of male activity in the study areas, males typically left or changed perch location before such series could be completed. Second, although the model ying device was relatively mobile, the number of males at our eld sites on any given day was limited (Rutowski et al., 1996) . To maximize the data yield per unit effort, we often presented the model to the same male more than once (mean, 3 presentations per male), but each time at a different distance. This means that across distances the observed responses are not wholly independent. However, to the best of our knowledge at any given distance all responses are from different males. Figure 2A summarizes the responses of 36 males in 104 presentations of the normal-size model at 0.85 m above the ground. The percent of males responding fell sharply with distance, especially between 2 and 3 m. Males were signi cantly more likely to respond to the model when it was 0.5 to 2 m from the male than when it was 2.5 to 4 m away (Fisher's exact test, p < 0:00002). Figure 2B partitions the data in Fig. 2A with respect to where the male was perched. Regardless of perch location, signi cantly more males responded to the model when 1 to 2 m away than when more than 2.5 m away (Fisher's exact test: on ground, p < 0:0002; off ground, p < 0:02). However, more males responded to the model at 1 to 2 m when they were perched on the ground than when off the ground (Fisher's exact test, p < 0:03).
Results
A comparison of the responses of males perched in different locations is potentially confounded by the fact that males perched off the ground, typically on the end of a hackberry branch, are most often facing into the open area adjacent to the plant (Rutowski et al., 1991) , i.e. directly toward the model ight path. In contrast, although males perched on the ground face away from the sun, the conditions of a given trial could have them facing away from the model path as well as toward it. To control for the male's orientation we eliminated those males who were facing a direction that was 90 degrees or more from the direction from the male to the closest point in the model path. When we did this (Fig. 3A) , the effect of perch location was still signi cant in the range of 1 to 2 m (Fisher's exact test, p D 0:002). All analyses that follow use only results of presentations in which the male was facing the model path.
We performed three additional experiments to begin to sort out the possible causes of the observed patterns. First, we investigate d the potential reasons for the low number of responses at distances of 3 m or greater. One explanation, the subtended angle hypothesis, is that at distances of 3 m or Fig. 2 . The relationship between the proportion of perched males responding as a function of distance from the model path: (A) for all presentations, and (B) for all males as a function of perch location. For both graphs, the number adjacent to each data point is the number of presentations at that distance. When data points overlap the lefthand number is the sample size for the rst data set in the legend.
more the model does not subtend a large enough angle in the male's visual eld to be detected. Another possibility, the apparent distance hypothesis, is that males were assessing the distance to the model and electing for energetic reasons not to pursue it. To distinguis h between these two possibilitie s we presented males perched off the ground with the double-size model. The subtended angle hypothesis predicts that this model would be detected and pursued at greater distances because of its larger size than the normal-size model. On the other hand, the apparent distance hypothesis predicts that if males are judging whether or not to initiate a pursuit based on distance, the response pattern to the double-size model should be the same as to the normal-size model. As predicted by the subtended angle hypothesis, males The number adjacent to each data point is the number of presentations at that distance. When data points overlap the lefthand number is the sample size for the rst data set in the legend. (B) The proportion of males perched off the ground that responded at various distances to a model twice the surface area of a typical A. leilia female. The sample size for all points is 10, for a total of 40 presentations to 16 males. For comparison, the data from Fig. 3A for the normal size model presented to males off the ground are also shown here.
responded (Fig. 3B ) signi cantly more frequently at distances of 3 to 4 m to the double-size model than to the normal-size model (Fisher's exact test, p < 0:002).
In the second experiment we examined why males on the plant were less likely to respond to the model. Because males perch off the ground when it is warmer, they may be less motivated to leave their perch for thermoregulatory reasons, i.e. to avoid the risk of overheating due to heat generation by contractions of the thoracic musculature in ight. Alternatively, when males perch off the ground they are at about the same height as passing conspeci cs so will view conspeci cs not against the sky but against a background of vegetation which is similar in illuminance and spectral composition to the butter y's ventral wing surfaces. In contrast, males on the ground are more likely to view the model against the sky, the sort of bright and uniformly lit background against which detection of small moving objects is most reliable Fig. 4. (A) The proportion of males perched off the ground that responded at various distances to the model when presented at twice the normal ight height (1.7 m). The number adjacent to each data point is the number of presentations at that distance. For the 1.7 m ight path, the model was presented a total of 31 times to 14 males. When data points overlap the lefthand number is the sample size for the rst data set in the legend. For comparison, the data from Fig. 3A for model presentations at the 0.85 m ight height are also shown here. (B) The proportion of males perched off the ground that responded at various distances to the wing color model. The sample size for all points is 10, for a total of 40 presentations to 15 males. For comparison, the data from Fig. 3A for the normal size model presented to males off the ground are also shown here. (Hailman, 1977; Labhart & Nilsson, 1995) , and thus they may detect the model more readily.
To test these hypotheses we presented models that were at twice the normal path height to males perched off the ground. If males are less motivated to leave their perch when they detect a conspeci c, raising the model path should not change the likelihood that a male will respond. If, in contrast, background is the important variable, then raising the model ight path should increase the likelihood males will respond. In keeping with this latter alternative, males perched off the ground responded to models at distances of 1 to 2 m at a signi cantly higher rate if the models were elevated than if they were at the normal height ( Fig. 4A; Fisher's exact test, p < 0:008). Moreover, the response of males perched off the ground to elevated models at 1 to 2 m was not signi cantly different from that of males perched on the ground to models at the normal height (Fisher's exact test, p > 0:6). This supports the idea that the position of the model relative to the male is an important determinant of the success of males at detecting the model.
Finally, because the uniform gray color of the model did not precisely match the natural color of A. leilia, we examined the responses of males perched off the ground to the normal-color model that had the wings of a female A. leilia glued to it. The responses elicited by this model at 1 to 2 m were not signi cantly different from those of our regular model ( Fig. 4B; Fisher's exact test, p > 0:05). This suggests that the extent to which the model matched the color of A. leilia females was not a factor that signi cantly in uenced male responses to the model.
Discussion
Effect of distance
Our data suggest that a perched A. leilia male does not respond to conspeci cs that are ying more than 3 m away. This distance agrees broadly with estimates of the minimum distance of object detection that can be made from the optics of the butter y eye. In particular, one measure of acuity for apposition compound eyes is the minimum angle an object must subtend in the visual eld to be detectable, that is, to cause a detectable change in the output of photoreceptors in a single ommatidium (Land, 1997) . This minimum angle is known as the single object threshold and when there is high contrast between an object and the background against which it is viewed, the upper limit of this threshold can be conservatively approximated by the acceptance angle, 1½, of a single photoreceptor. For A. leilia, 1½ is roughly 2.0 ± (R. Rutowski & E. Warrant, unpubl. data) , and given this and the maximum dimension of a model visible to a perched male (50 mm), the distance beyond which the model will subtend less than 1½ and so not be detectable is 1.4 m.
However, we based this rough estimate of the threshold distance for detecting a conspeci c for these animals on at least two assumptions . First, we assumed that an object must fully ll the eld of an ommatidium to be detected. Studies with honeybee drones suggest that, in fact, under high contrast conditions the single object threshold can be as little as 25% of 1½ (Vallet & Coles, 1993) . If for A. leilia we instead use a value of 0.5 ± for the single object threshold, we calculate a liberal estimate of maximum distance of detection of 5.7 m.
Second, in estimating this threshold we assumed that the target is stationary and of constant shape which is never the case for perched A. leilia males engaged in mate searching. Movement of conspeci cs will cause their image to blur in the visual eld of a perched male and decrease their contrast with the background to a degree that will depend on the forward velocity of the target, speed and magnitude of wing apping, and the integration times of photoreceptors in the ommatidia (Srinivasan & Bernard, 1975) . Hence, as the speed of a conspeci c and its rate of wing apping increase we can expect that the maximum distance at which it can be detected will decrease.
Even given these uncertainties, it is notable that the observed distances at which males fail to respond to the model in the eld fall between the upper and lower minimum detection distance estimated from the optics. We feel that this fact coupled with the increase in the number of males responding at 3 m or more when the model size is increased, supports the conclusion that perched males do not detect conspeci cs at distances greater than 3 m. The distance at which conspeci cs, especially receptive females, are recognized as such remains an open question. Once a chasing male is at close range, intruding males maintain level, rapid ight, unreceptive females reduce ight speed and initiate an ascending ight, and receptive females reduce ight speed and y to a nearby perch where courtship continues (Rutowski & Gilchrist, 1988; R.L. Rutowski, unpubl. obs.) . Because there is no obvious sexual dimorphism in coloration in this species, recognition probably involves the detection of changes in behavior or chemical signals of approached individuals.
Effect of perch location
In a previous paper Rutowski (2000) tentatively argued on the basis of eye structure and the orientation of the eyes that, when perched off the ground, males were in a better position to detect conspeci cs than when perched on the ground. Butter ies, like many other insects, tend to have a frontal and equatorial acute zone characterized by small interommatidial angles and large facet lenses (Land, 1989) . Although we are in the process of mapping interommatidial angles in A. leilia by pseudopupi l analysis, a frontal and equatorial acute zone is strongly suggested by the presence of larger facet lens in these regions of the eye (Ziemba & Rutowski, 2000) . In addition, neural networks processing information gathered by the frontal region of the eye may be specialized for detection of moving objects, as has been described for other insects (e.g. Olberg, 1981; Strausfeld, 1991) . When perched off the ground, a male lines up his frontal and equatorial acute zone is with the plane of the ight paths of conspeci cs which consistentl y y at about 0.85 m above the ground. In contrast, when perched on the ground, males are looking up through the plane of conspeci c ight paths. It seemed, then, that males perched off the ground should be more successful at detecting passing females.
The results reported here support the opposite conclusion, namely, that males are more likely to respond to the model when perched on the ground. Moreover, the experiments altering the height of model presentation suggest that males on the ground are more likely to detect conspeci cs because their ight path is above the perched male. Again, for males on the ground, conspeci cs are more likely to be viewed against the sky which is thought to be a better background for conspeci c detection than vegetation. This conclusion warrants further experimental testing, although quantifying and controlling the backgrounds presented by vegetation at different densities, heights and distances will prove a signi cant challenge. Butter y distance vision is relatively poor which means that a background that appears highly variegated at close range may be quite uniform when viewed at a distance.
The shift to perches off the ground during the activity period is driven by thermoregulatory constraints (Rutowski et al., 1994) which when coupled with the results reported here, raises questions about the interaction between behavior, vision, and thermoregulatio n during evolution. Has the potential reduction in success at detecting conspeci cs caused by thermoregulatory behavior been signi cant in the evolution of male mate-locating behavior? Quantifying changes in mating success caused by moving to perches off the ground will be dif cult because of the low arrival rate of females at these perching sites (Rutowski & Gilchrist, 1988) . However, there may be indirect indications that a signi cant cost is incurred in changing perch location. For example, males should attempt to stay on the ground as long as possible and their behavior should re ect this. In fact, we have seen that upon returning from a sortie, males often investigate the ground as a potential perching site, apparently assessing its temperature before inspecting potential perches above the ground. This suggests that perches on the ground are given priority but we plan more formal investigation s of this and other potential indirect or direct indicators of efforts to reduce the potential tness costs of switching to perches off the ground.
